The COMPASS code is a new next generation safety analysis code to provide local information for various key phenomena in core disruptive accidents of sodiumcooled fast reactors, which is based on the moving particle semi-implicit (MPS) method. In this study, improvement of basic fluid dynamics models for the COMPASS code was carried out and verified with fundamental verification calculations. A fully implicit pressure solution algorithm was introduced to improve the numerical stability of MPS simulations. With a newly developed free surface model, numerical difficulty caused by poor pressure solutions is overcome by involving free surface particles in the pressure Poisson equation. In addition, applicability of the MPS method to interactions between fluid and multi-solid bodies was investigated in comparison with dam-break experiments with solid balls. It was found that the PISO algorithm and free surface model makes simulation with the passively moving solid model stable numerically. The characteristic behavior of solid balls was successfully reproduced by the present numerical simulations.
Introduction

COMPASS
(1) is a new generation safety analysis code based on the moving particle semi-implicit (MPS) method (2) to provide local information for various key phenomena in core disruptive accidents of sodium-cooled fast reactors. MPS is a meso-scale, fully Lagarangian, particle method, and has been verified that it is a powerful computational tool with lots of applications, especially thermal-hydraulic phenomena with free surfaces. However, it is still necessary to improve its numerical stability and precision for a wider range of practical applications. It was found in the water dam break simulations, which is an appropriate test case for fluid flow simulation with free surface, that the calculations could not continue until the water become stationary (3) . Whence fluid particles impacted on the wall or knock on each other with relatively large velocities, numerical simulations usually became unstable. It was mainly due to the difficulty of exactly defining particles on the free surface. Recently a new moving particle method, the finite volume particle (FVP) method (4) , was developed. In this method, there is no special treatment needed for the particles on the free surface. Correspondingly, pressures of all particles will be calculated. As a result, it is unnecessary to find out the particles on the free surface on each time step. Since this treatment could improve the simulation stability for the free surface simulations, its essential proposal will be introduced into the MPS method and tested by benchmark simulations in this study.
In the original MPS method, the marker-and-cell (MAC) algorithm (5) was applied to solve the mass and momentum equations. Using this algorithm, the MPS calculation in one time step is separated into two steps. All of external and internal forces except for the pressure force are calculated in the explicit stage, and then particles move with the intermediate velocities. The pressure force is estimated on the implicit step with the incompressible constraint. Thereafter, velocities and positions of particles are updated. However, particles with the intermediate velocity would cluster to each other and make the estimated pressure unreasonable. In the present study, the pressure implicit with splitting of operators (PISO) algorithm (6) was applied into the MPS method instead of the MAC algorithm. In this algorithm, several iterations were taken to find out the appropriate convection velocity and thus improve the stability of the pressure solution.
One of the advantages of the moving particle methods including MPS is that the interphase between different materials is always simulated clearly. Therefore, it is straightforward to apply the MPS method into multi-phase simulations. Fluid-solid interaction problems are one of such topics steadily interested in engineering fields. Though some studies on the fluid-solid interaction problems with single solid body have already been carried out in the MPS method (7) , there is no further investigation on the multiple solid bodies moving in fluids using the MPS method. In the present study, applicability of the MPS method to interactions between fluid and multiple solid bodies was investigated in comparison with dam-break experiments with solid balls. Simulations would be performed in the framework of the MPS method with the proposed improved pressure solution algorithm; additionally, the passively moving solid (PMS) model (7) was applied for the solid bodies. Efforts on the present stage were focused on the achievement of numerical stability. The interactions between solids and solid-wall was not modeled, which will be simulated using the distinct element method (DEM) (8) in the future study.
Improvement of Fluid Models
Governing equations for incompressible flows
Governing equations for incompressible flows are the mass and momentum conservation equations as follows:
where ρ is density, ν is kinematic viscosity coefficient, p is pressure and F is the volume force, e.g. gravity. Furthermore, a pressure Poisson equation (PPE) can be derived from them as
Pressure solution algorithm
In the original MPS method, the MAC algorithm (5) is applied to solve the governing equations. Particle's convection velocity is estimated in the explicit step without pressure force; thereafter its velocity is adjusted in the implicit step according to the pressure force with the incompressible constraint. Though successful in lots of simulations, this solution
procedure would be unstable numerically. If particles with the estimated convection velocity cluster each other, the estimated pressure would be very large. In order to overcome this problem, the PISO algorithm (6) is applied into the MPS method. The solution procedure can be seen in Fig. 1 . The essential idea of this procedure is to find out an appropriate convection velocity by limited iterations. Then, more reasonable pressure will be obtained. This fully implicit algorithm was initially proposed for mesh methods, and originally introduced into moving particle methods by Yabushita (4) .
It is straightforward to apply this algorithm into the MPS method. Using the PISO algorithm, the MPS calculation is separated into the prediction and correction steps. Followings are the mathematical formulation of this procedure.
In the prediction step, particle moves to a temporal position with a guessed convection velocity, as the following equation:
where r is the particle's position, t ∆ is the time step size and index * is the temporal or guessed value.
In the correction step, particle's pressure is obtained with eq. (3) on the temporal positions. It is worth to note that the discretized PPE combining with the free surface boundary condition will be introduced in the next section. Thereafter, the momentum equation can be solved with the pressure as
where index ** means the values calculated on the temporal positions, for example the pressure obtained with PPE, velocity solved with eq. (5) and so on. After arrangements, eq.
It is a symmetric, diagonal dominant matrix equation, and can be thus solved by the incomplete Cholesky conjugate gradient (ICCG) method.
The obtained velocity is then defined as the guessed convection velocity in eq. (4). As a result, iteration is generated by following the same calculation procedure mentioned above. After convergence, the new time values are obtained as 
Free surface model
In the free surface flow simulations, it is necessary to include the pressure Dirichlet boundary condition into PPE. For instance, zero value is defined on the free surface. In the original MPS method, the free surface is represented by the moving particles whose number density is less than the initial one as 0 n n i α = (10) where α is a tuning parameter, and n 0 and n i are the initial number density and number density of particle i, respectively (7) . A constant pressure value is defined on these moving particles representing the free surface. However, it would be difficult to exactly find out the particles on the free surface with time step evolution. It would be possible for more and more moving particles to satisfy eq. (10) as the calculation proceeds. This difficulty then spoils the pressure solution and thus the whole calculation. It is worth to note that all particles including those on the free surface are uniformly treated with in the FVP method (4) . The essential idea of this treatment in FVP has been introduced into the MPS method. Fig. 2 shows particle i near to the free surface together with its neighbors. By assuming dummy particles for the gas phase, the following can be derived from the incompressible constraint: According to Gauss's theorem, the LHS of eq. (3) can be equivalent to
where S and V are the surface area and volume of the calculation region, respectively, and n is the unit vector in the normal direction of the surface. In FVP, this can be approximated where S i and V i are the surface area and volume of particle i, respectively. According to the free surface boundary condition, a constant pressure value should be defined on the surface of particle i acting with dummy particles. For instance, the value is defined as p free , which is usually defined as zero. Combing eq. (12) where R i is the particle's radius which can be calculated as
with the initial particle distance ∆l. As a result, all of moving particles will be included in the PPE. There is no special treatment needed for finding out the moving particles on the free surface.
Simulations
Two water-column dam break
The water dam-break problem is an appropriate test case on free surface flows for moving particle methods since the boundary condition is clear and simple. Using the original MPS method to solve this problem, it would be difficult to keep numerical stability when there are droplets knocking on the main fluid. Such numerical difficulties will lead to termination of the calculations before the water flow becomes stationary. In order to verify the proposed pressure solution algorithm, two water-column dam-break simulation was performed (3) . The geometrical parameters are shown in Fig. 3 . The initial particle distance was set as 5.0×10 -3 m and the time step was fixed at 1.0×10 -4 s.
Simulation results are shown in Fig. 4 . Through all of the simulation time steps, calculation was always stable till the water flow becomes stationary. This result indicates that the proposed pressure solution algorithm can fairly improve numerical stability. 
Solid-fluid mixture flow
It is straightforward for the MPS method to solve solid-fluid mixture flow problems. As an application, the water dam break with multiple solid balls was investigated. Fig. 5 shows the schematic description of the experiment on this problem (3) .
In this study, the length and height of the tank were both set as 26 cm and those of the water-solid mixture column were 12.8 cm and 6.4 cm, respectively. The diameter of a solid Vol. 3, No. 1, 2009 ball was 6 mm. The densities of water and solid were 1,000 kg/m 3 and 1,080 kg/m 3 , respectively (3) .
In the simulations, the initial distance between two moving particles was 1 mm and the time step size was set as 1.0×10 -4 s. Since the diameters of solid balls were larger than those of the moving particles, 37 moving particles were used to represent one solid ball. The MPS method together with the PMS model (7) was used to directly simulate the solid-fluid mixture flows. First, all moving particles were assumed as fluid particles and included in the MPS calculation (7) . Thereafter, the velocities and pressures of fluid particles were 
where m i is the mass of solid moving particle i,
u is the velocity of the solid moving particle i after the PISO calculation, 
where c ω is the solid's rotation velocity, and is positive in the anti-clockwise direction. A series of simulations were carried out with different solid volume fraction as 15%, 30%, 45% and 60%. The present calculations can be performed with numerical stability from beginning to end. Fig. 6 shows the simulated evolution of the water dam break with volume fraction of solid as 15% and 45%. Though typical flow behavior was successfully simulated, it was found that the solid-solid interaction behaviors should be considered in the simulations for more precise calculations. A model based on DEM will be introduced to simulate this interaction effect. Using the DEM model, the contact force and torque between solid balls and between solid ball and wall will be simulated. And then the movement behaviors of each solid will be further studied in detail. In addition, twodimensional experiments will be performed in order to validate the simulation results directly.
Conclusion
Several improvements of the basic fluid dynamics models were proposed especially for the pressure solution algorithm. The verification study with numerical simulations including experimental analysis of solid-fluid mixture flow demonstrates that these fundamental modifications will effectively improve the numerical stability of COMPASS calculations for multi-phase flows. It is also expected that the applicability of the COMPASS code in reactor safety analysis will be extended by the present improvements.
(a) solid volume fraction of 15% (b) solid volume fraction of 45% Fig. 6 Snapshots of the water dam-break with multiple solid bodies both in experiment (left part) and simulation (right part).
